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If the top quark is a composite state made out of some constituents, its interaction with the gluon
will be modified. We introduce the leading effective operators that contribute to the radius and
anomalous magnetic moment of the top quark and study their effect on the cross section for tt¯
production at the Tevatron and the LHC. Current measurements of the cross sections set a strin-
gent limit on the scale of compositeness. This limit is comparable to similar limits obtained for
light quarks and those from electroweak precision measurements. It can be used to constrain the
parameter space of some composite Higgs models.
PACS numbers: 14.65.Ha,12.60.Rc,13.85.Lg
I. MOTIVATIONS
Whether the top quark is a point-like particle or an extended object is a question that can now be addressed thanks
to the large number of them produced at the LHC and the Tevatron. The most recent, combined measurement of
the cross section for tt¯ production is in good agreement with the most up-to-date theoretical prediction within the
standard model (SM) and this result can be used to put constraints on the compositeness of the top quark.
Whereas in the SM the top quark—as well as all other fundamental particles—has no structure, various extensions
of the SM are based on some form of compositeness: in particular, the composite Higgs boson [1, 2], as well as its
partial compositeness implementation [3, 4], but also models inspired by the littlest Higgs [5] and technicolor [6]
assume the existence of a strongly interacting sector, the SM particles being either composite object themselves or
mixing with particles which are. The top quark, it being the heaviest of all states, is the best candidate for searching
for possible signatures of such compositeness. The problem has been previously addressed in [7] and more recently in
[8–15]. We discuss in some detail the implications of the limits we find on possible extensions to the SM in the last
section.
A. Composite top quark and strong interactions
Compositeness can manifest itself in various ways. We take the most direct approach and look into what effect a
finite extension of the top quark has on its interaction with the gauge bosons. In the case most relevant for collider
physics, we can write two form factors F1(q
2) and F2(q
2) modifying the vertex between the top quark and the gluon
as
gst¯
[
γµF1(q
2) +
iσµνqν
2mt
F2(q
2)
]
Gµ t , (1)
where gs is the strong SU(3)C coupling constant, Gµ = TAG
A
µ is the gluon field, TA are the SU(3)C group generators,
qµ is the momentum carried by the gluon, t denotes the top quark field and σµν = i[γµ, γν ]/2. The interaction in
eq. (1) is the most general after assuming that the vector-like nature of the gluon-top quark vertex is preserved by
the underlying dynamics giving rise to the composite state.
As originally pointed out for the case of electromagnetic interactions [16], the physics of the form factors in eq. (1)
is best represented by the combinations
GE(q
2) = F1(q
2) +
q2
4m2t
F2(q
2) and GM (q
2) = F1(q
2) + F2(q
2) , (2)
which are (in the Breit frame) the Fourier transform of, respectively, the chromo-electric and -magnetic charge densities
ρc and µρm of, in our case, the top quark. For an extended object these densities are not Dirac δ-functions and can
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2be expanded. To the leading order, we thus obtain a first momentum (the chromo-magnetic moment µ):
GM (q
2) =
2
pi
∫
dr r2j0(qr)µρm(r) ' µ+ · · · (3)
from the chromo-magnetic charge density, and a second momentum (the squared mean radius 〈~r2〉):
GE(q
2) =
2
pi
∫
dr r2j0(qr)ρc(r) ' 1− ~q
2
6
〈~r2〉+ · · · (4)
from the chromo-electric charge density. In eqs. (3)–(4), j0(x) = sinx/x represents the spherical Bessel function of
order zero and the (non-relativistic) charges ρc and ρm are related to the four-current as
jµ(r) =
(
gsρc(r), µ ~σ × ~∇ρm(r)
)
. (5)
The two parameters µ and 〈~r2〉 are traditionally used in nuclear physics to characterize the finite extension of nucleons
and other extended objects.
Form factors are just a way of organizing the perturbative expansion. An alternative and perhaps better approach
is effective field theory. In this language the expansion is given in terms of operators invariant under the underlying
symmetries that are added to the SM lagrangian. These operators have dimension higher than four and are suppressed
by negative powers of the new physics scale to get the required dimension.
In this work we use the effective field theory approach and consider the contributions given by SU(3)C × U(1)em
invariant effective operators to the top-quark form factors introduced in eq. (1). The leading contributions come from
the following two higher dimensional operators:
Oˆ1 = gs
C1
m2t
t¯γµTAtD
νGAµν and Oˆ2 = gs
C2υ
2m2t
t¯σµνTAtG
A
µν (6)
where DνGAµν = ∂
νGAµν + gsf
A
BCG
νBGCµν , G
A
µν = ∂µG
A
ν − ∂νGAµ + gsfABCGBµGCν is the gluon field strength tensor,
fABC are the SU(3)C structure constants and υ = 174 GeV is the electroweak (EW) symmetry breaking vacuum
expectation value. In eq. (6) the operator Oˆ1 and Oˆ2 are, respectively, of dimension six and five. We limit ourselves
to the CP -conserving case and the dimensionless coefficients C1 and C2 are taken to be real. Left- and right-handed
fermion fields enter symmetrically. The operator Oˆ1 gives the leading q
2 dependence to F1 while Oˆ2 gives the q
2-
independent term of F2:
F1(q
2) = 1 + C1
q2
m2t
+ . . . and F2(0) = 2C2
υ
mt
. (7)
Operators of higher dimensions can in general contribute—they gives further terms in the expansion of the form
factors—but their effect should be suppressed. We have checked that possible corrections due to dimension 8 operators
such like
GµνG
µν q¯H˜tR (8)
are suppressed as long as the coefficients are taken to be O(C21,2).
The form of the coefficients in front of the operators in eq. (6) is conventional and dictated, in our case, by
the analogy with the electromagnetic form factors. In addition, the operator Oˆ2 is written for convenience with
an extra factor υ/mt because it can be thought as coming, after EW symmetry breaking, from a dimension six
SU(3)C × SU(2)L × U(1)Y gauge invariant operator that includes the Higgs boson field.
Replacing the expressions of the form factors obtained in eq. (7) into eq. (2), we can obtain an estimate of the
radius and chromo-magnetic moment of the top quark using the same formulas that apply in the electromagnetic
case. We have that
〈~r2〉 = −6 dGE
d~q2
∣∣∣∣
q2=0
and µ = GM (0) , (9)
where µ is the chromo-magnetic moment of the top quark measured in units of gs/2mt.
The aim of this work is to give an estimate of the size of these quantities by constraining the values of the
dimensionless coefficients C1 and C2 using the available LHC public data on the tt¯ total production cross section
σ(pp → t¯t) and those for the σ(pp¯ → t¯t) from the Tevatron. In addition, we also include constraints from data on
3spin correlations of the top quarks at the LHC. The results will be used in the last section where we will translate
the bounds on C1 and C2 into limits on new physics scales in the framework of some specific models.
The finite extension of the source generating the terms in eq. (9) arises because of the radiative corrections of
the parton-level processes as well as because of the presumed compositeness. In order to disentangle these two
contributions we assume that the former is included in the SM cross section computed at the next-to-leading order
(NLO) and beyond (for the most recent exact computation at the NNLO and NNLL, see [17] and citations therein),
leaving C1 and C2 to encode only effects intrinsically due to compositeness.
The operators Oˆ1 and Oˆ2 enter at tree level into the computation of the tt¯ production cross section through gluon
fusion and quark-antiquark annihilation. The first channel is the dominant one at the LHC while the second is
dominant at the Tevatron. At tree level, in addition to the usual SM QCD Feynman diagrams, one has to take into
account the contributions coming from the new interactions as depicted in Fig. 1 and Fig. 2. The diagram (f) of
Fig. 1 is a contribution not present in the SM and due to the presence of the operators Oˆ1 and Oˆ2; it represents the
effective interaction of two gluons and the t¯t pair. Notice that the contribution of the operator Oˆ1 cancels out in the
sum of the gluon fusion amplitudes.
FIG. 1: Parton level Feynman diagrams for the process gg → t¯t. This process dominates at the LHC. The blob represents the
insertion of either the operator Oˆ1 or Oˆ2.
(g) (h)
FIG. 2: Parton level Feynman diagrams for the process qq → t¯t. This process dominates at the Tevatron. The blob represents
the insertion of either the operator Oˆ1 or Oˆ2.
Following the effective field theory approach, one has to write down all possible dimension five and six operators that
contribute to the tt¯ production cross section. It is possible to show [18] that—by rearrangement and field redefinitions
using the equations of motion—out of all possible operators that contribute to this process only three are independent,
namely Oˆ1, Oˆ2 in eq. (6) and a set of four-fermion operators. If we further assume the same coefficient in front of
the four-fermion operators involving two top quarks and two light quarks of different flavors, then these four-fermion
operators too can be rewritten, by means of the equations of motion, in terms of the operator Oˆ1. We are thus left
with just the two operators Oˆ1 and Oˆ2 in eq. (6). Notice that in general, the whole set of four fermion operators
entering in the dimension 6 SM effective lagrangian is larger and cannot be rewritten as O1.
Anomalous couplings and top quark production has been discussed by several authors [11], most recently in [12]
(and [13], which came out while we were finishing this work). The anomalous magnetic moment of these references
corresponds to the coefficient C2 of the chromo-magnetic operator in eq. (6). Ref. [14] follows an approach similar to
ours but with different and less stringent results. The effect on t¯t-production of Oˆ2 (together with the four-fermion
operators) has been studied in [15] in the context of non-resonant new physics at the Tevatron and the LHC. See [19]
for and updated version.
In the low-energy regime, data on B-physics can be affected by the operators in eq. (6). In particular, the operator
O2 contributes to the matching condition of the Wilson coefficient of the chromo-magnetic operator between the quark
b and s. The latter operator mixes with the electro-magnetic dipole moment operator
emb b¯ σ
µν(1 + γ5) s Fµν , (10)
4which give rise to the transition b → sγ. Even though data on the branching fraction [20] can in principle be used
to set limits on the coefficient C2, the estimates in literature give either too small an effect [21] or one with large
uncertainties [22]. For this reason we do not use these limits.
II. METHODS
A. Monte Carlo implementation
In order to study new physics effects on tt¯ production cross sections (and spin correlations) at the LHC and Tevatron
, we have first used FeynRules [23] to implement our model, which has been defined to be the SM with the addition
of the two effective operators Oˆ1 and Oˆ2 of eq. (6). FeynRules provides the Universal FeynRules Output (UFO)
with the Feynman rules of the model. The UFO is then used by MadGraph 5 [24] (MG5) to compute the production
cross section, that we denote by σMG5(C1, C2).
The main tt¯ production channel at LHC is given by gluon fusion and the associated Feynman diagrams are those in
Fig. 1. Other sub-leading channels are given by quark-antiquark annihilation, whose diagrams are depicted in Fig. 2.
MG5 computes the square of the amplitude for each single channel and then convolutes the result with the probability
distribution functions (pdf) of the partons inside the proton in order to obtain the total pp → tt¯ production cross
section. The default set of pdf used is CTEQ6L1.
The partonic level result thus obtained can be compared with the partonic experimental cross section that is
extracted by the experimental collaborations from the fully hadronized cross section—which is what is actually
measured at the colliders.
We compute, using MG5, σMG5(C1, C2) for three different values of the center of mass energy (7, 8 and 14 TeV),
varying the absolute values of both C1 and C2 in a range that goes from 0 to 0.1. These different values of σMG5(C1, C2)
will be used to obtain limits on the coefficients C1 and C2 by comparing the MG5 computation with the measured
cross section at the center-of-mass (CM) energy
√
s = 7 and 8 TeV and the expected result at 14 TeV, as discussed
in the next section.
By proceeding in the same way, we have also computed the tt¯ production cross section at the Tevatron and compared
it with the measured cross section at the CM energy
√
s = 1.98 TeV. In this case, the main tt¯ production channel
is given by quark-antiquark annihilation and the associated Feynman diagrams are those depicted in Fig. 2. As we
shall see, in this case we obtain a particular stringent bound on C1.
B. Statistical analysis
The quantity used to obtain 95% confidence level (CL) limits on the coefficients C1 and C2 is the cross section
∆σexp, which is defined to be the difference between the central value of the measured cross section σ¯exp and that of
the SM theoretical value σ¯th:
∆σexp = σ¯exp − σ¯th . (11)
The uncertainty is given by summing in quadrature the respective uncertainties:√
(δσexp)2 + (δσth)2 . (12)
Using the cross sections σMG5(C1, C2) calculated with MG5 we compute the value of the cross section coming from
new physics ∆σMG5(C1, C2) as
∆σMG5(C1, C2) = σMG5(C1, C2)− σMG5(0, 0) . (13)
The quantity ∆σMG5(C1, C2) represents the contribution to the cross section coming from the interference between
SM leading order and new physics diagrams. Terms coming from the interference between new physics and higher
order QCD diagrams are not included in this approximation.
Values of C1 and C2 for which ∆σMG5(C1, C2) is more than two standard deviations from ∆σexp, namely
∆σMG5(C1, C2) > ∆σexp + 2
√
(δσexp)2 + (δσth)2 , (14)
or
∆σMG5(C1, C2) < ∆σexp − 2
√
(δσexp)2 + (δσth)2 , (15)
can be considered excluded at 95% CL.
5III. RESULTS
A. SM cross section
A typical one-loop radiative correction to the vertices gives a contribution to the top quark radius O(αs/2pim
2
t ).
Because the effect of compositeness is of the same order, the SM theoretical amplitude σth used for obtaining the
exclusion limits, as explained in the previous section, must contain at least NLO contributions which include these
corrections as well as those coming from initial and final state radiation.
Production of top quark pairs at hadron colliders is a challenging computation that has been pursued for many
years and is now available at the next-to-next-to-leading order (NNLO) [17]. In addition, the soft gluon re-summation
for the same process is known at the next-to-next-to-leading logs (NNLL) order necessary for the matching [25].
Following [17] we take, for a top-quark mass of 172.5 GeV, the following values for the cross section at the LHC for,
respectively, the CM energy
√
s = 7 and 8:
σth(pp→ tt¯) =
{
176.25+4.6−5.9 (scale)
+4.8
−4.9 (pdf) pb (LHC@7)
251.68+6.4−8.6 (scale)
+6.3
−6.5 (pdf) pb (LHC@8)
, (16)
where the first uncertainty is due to the residual scale dependence and the second to the pdf of the partons which
are taken from the MSTW200nnlo68cl set [26]. At the Tevatron, for a CM energy
√
s = 1.98 TeV, the same
reference [17] gives
σth(pp¯→ tt¯) = 7.35+0.11−0.21 (scale) +0.17−0.12 (pdf) pb (Tevatron) . (17)
The size of the overall uncertainty of these results—summing the square of the two errors—is a substantial improvement
with respect to the NLO result.
B. Current data and bounds: LHC and Tevatron
The cross section for the production of top quark pairs has been measured at LHC and Tevatron for their respective
energy range.
FIG. 3: Constraints on the coefficients C1 and C2 from data at the LHC at
√
s = 7 TeV. On the left: the limit on C1 with
C2 = 0. On the right, the limit on C2 with C1 = 0. The horizontal dashed black line represents the experimental central value.
The yellow (green) band represents 2(1)σ uncertainties. The red lines are the expected limits at 1 and 2σ level. The thick
black line is the cross section in the presence of the new operators at sampled values of the coefficients Ci.
The best current measurements at the LHC of the cross section σexp(pp → t¯t) combining the various channels at
6the CM energy of
√
s = 7 TeV, for a top-quark mass of 172.5 GeV, is
σexp(pp→ tt¯) =
{
177.0± 3 (stat)+8−7 (syst)± 7 (lumi) pb (ATLAS)
165.8± 2.2 (stat)± 10.6 (syst)± 7.8 (lumi) pb (CMS) (18)
for, respectively ATLAS [27] and CMS [28].
A combination of ATLAS and CMS results is available [29] for an integrated luminosity of up to 1.1 fb−1:
σexp(pp→ t¯t) = 173.3± 10.1 pb (LHC@7) , (19)
with an overall uncertainty of 5.8% which we will use in our analysis to set the limits.
Fig. 3 show the limits coming from LHC@7 on the coefficients C1 and C2 obtained by means of the above experi-
mental result and the theoretical computation in eq. (16).
In Fig. 3, as well as in the following figures, the black line with dots represents the cross section ∆σMG5 which
includes the contributions of the operators Oˆ1 and Oˆ2. The yellow (green) bands represents the cross section ∆σexp
with its error at 2(1)σ level. Finally, the horizontal red lines represent the expected limits (at the 1 and 2σ level) which
are obtained by identifying the central value of the experimental data σ¯exp with the central value of the theoretical
prediction σ¯th.
FIG. 4: Constraints on the coefficients C1 and C2 from data at the LHC at
√
s = 8 TeV. On the left, the limit on C1 with
C2 = 0. On the right, the limit on C2 with C1 = 0. The horizontal dashed black line represents the experimental central value.
The yellow (green) band represents 2(1)σ uncertainties. The red lines are the expected limits at 1 and 2σ level. The black line
is the cross section in the presence of the new operators at sampled values of the coefficients Ci.
The best current measurements of the cross section σexp(pp→ t¯t) at the CM energy of
√
s = 8 TeV for a top-quark
mass of 172.5 GeV is
σexp(pp→ tt¯) =
{
237± 1.7 (stat)± 7.4 (syst)± 7.4 (lumi)± 4.0 (beam energy) pb (ATLAS [30])
227± 3 (stat)± 11 (syst)± 10 (lumi) pb (CMS [31]) (20)
for, respectively, an integrated luminosity of 5.8 fb−1 at ATLAS and 2.4 fb−1 at CMS, in both cases considering events
with dilepton final states.
Lacking a combined value, we consider the experimental value of ATLAS [30], which has smaller uncertainties, to
set the limits; the theoretical value is taken from eq. (16). Fig. 4 shows the result in this case. Notice that improved
limits with respect to the previous ones at
√
s = 7 TeV are mainly due to the lower central value of the experimental
data. This is made clear by the comparison with the expected CL (the red horizontal lines in Fig. 4 ).
Combined data from CDF and D0 at the Tevatron [32] give the following cross section at the CM energy of
√
s = 1.96
TeV up to an integrated luminosity of 8.8 fb−1:
σexp(pp¯→ t¯t) = 7.65± 0.42 pb (Tevatron) . (21)
7FIG. 5: Constraints on the coefficients C1 and C2 from data at the Tevatron at
√
s = 1.96 TeV. On the left, limit on C1 with
C2 = 0. On the right, limit on C2 with C1 = 0. The horizontal dashed black line represents the experimental central value.
The yellow (green) band represents 2(1)σ uncertainties. The red lines are the expected limits at 1 and 2σ level. The black line
is the cross section in the presence of the new operators at sampled values of the coefficients Ci.
Fig. 5 show the limits coming from Tevatron on the coefficients C1 and C2 we obtain by means of the above experi-
mental result and the theoretical computation in eq. (17). The data from the Tevatron are particularly stringent in
the case of the operator Oˆ1 because of the kinematical configuration that prefers the qq → tt¯ channel which is, in
turn, most sensitive to that operator.
C. Future bounds: LHC at
√
s = 14 TeV
FIG. 6: Possible constraints on the coefficients C1 and C2 from data at the LHC at
√
s = 14 TeV. On the left, limit on C1
with C2 = 0. On the right, limit on C2 with C1 = 0. The horizontal dashed red line represents the experimental central value.
The other red lines are the expected limits at 1 and 2σ level. The black line is the cross section in the presence of the new
operators at sampled values of the coefficients Ci.
8If we assume that the experimental uncertainty will remain around 5%—it is difficult to imagine doing better than
this—we can plot the expected limits at the LHC when the CM energy will be
√
s = 14 TeV by fixing the experimental
central value to coincide with the theoretical cross section:
σth(pp¯→ tt¯) = 953.6+22.7−33.9(scale)+16.2−17.8(pdf) pb (LHC@14) [17] . (22)
As depicted in Fig. 6, the increase in energy improves the limits with respect to what was to be expected at the
LHC at lower CM energies. However, the study at 14 TeV does not modify in a significative manner the overall limits
because the actual experimental value at 8 TeV turned out lower than the theoretical value and therefore yielded a
better than expected limit.
D. Differential cross section
FIG. 7: Left side: Differential cross section in bins of mtt¯ for LHC at 7 TeV. In the first bin, the total cross section. In color,
the changes bin by bin for different values of the coefficient C1. Right side: Limit on the coefficient C1 (see the text).
Even though the differential cross section for tt¯ production contains, in principle, extra information that can be
used to set limits on the compositeness of the top quark, we find that the current experimental uncertainties are too
large to significantly improve the best limits we found by considering the total cross section.
The best case occurs for the cross section as a function of the invariant mass mtt¯ for the LHC with data at
√
s = 7
TeV [33] and for the coefficient C1. Fig. 7 plots this cross section in bins and shows the experimental value with its
error and the variation for different values of the coefficient C1.
To set limits combining the total cross section σtot = σtt¯ and the relative differential cross section σdif,i =
(1/σtt¯) dσtt¯/dmtt¯ in each bin i, we evaluated a χ
2 function as:
χ2 =
[
σexptot − σthtot
δ(σtot)
]2
+
Nbins∑
i=0
[
σexpdif,i − σthdif,i
δ(σdif,i)
]2
, (23)
where δ(σ) refers to the squared sum of the experimental and the theoretical uncertainties on the respective σtot and
σdif,i, and the suffix th refer to the theoretical prediction. This theoretical prediction is given by the NLO+NLL
calculation [34] plus the contribution from new physics depending on the value of C1, evaluated generating events
with Madgraph and then Pythia [35].
This quantity χ2 is evaluated for each of the considered values of C1 and compared with a distribution of χ
2
values obtained generating 103 pseudo-experiments allowing the measured values to fluctuate following a gaussian
distribution G(σ, δ(σ)). A value of C1 was considered excluded at 95% C.L. if less than 5% of the pseudo-experiments
resulted in a χ2 value larger than the one for the given value of C1.
To get an approximate 95% C.L. exclusion limit on C1, the obtained values of χ
2 as a function of C1 were interpolated
as shown on the right side of Fig. 7. The dashed horizontal line represents the value χˆ2 for which χ2 < χˆ2 in 95% of
the pseudo-experiments. The limit we find is C1 < 0.03, which is an improvement with respect to what found from
9data on the LHC total cross section at the same CM energy, but still less stringent than that found from the Tevatron
data for the total cross section.
Direct analysis of the Tevatron data [36] and the LHC at
√
s = 8 TeV [37] yield weaker limits. The effect of the
coefficient C2 on the cross section distributions is negligible because of the experimental uncertainties in the different
intervals of mtt¯.
E. Spin correlations: LHC at
√
s = 7 TeV
Independent observables useful in setting further limits on the top quark structure involve spin correlation in tt¯
events [38]. Spin correlations of pair-produced top quarks can be extracted by analysing the angular distributions of
the top-quark decay products in t → Wb followed by the leptonic decay of the W boson W → lν. If no acceptance
cuts are applied and the spin-analysing power is effectively 100%, we have the following form of the double angular
distribution [38]
1
σ
d2σ
d cos θ1d cos θ2
=
1
4
(1 +B1 cos θ1 +B2 cos θ2 − Ch cos θ1 cos θ2) , (24)
where B1, B2 and Ch are coefficients.
FIG. 8: Constraints on the coefficients C1 and C2 from data on spin correlations at the LHC at
√
s = 7 TeV. On the left,
limit on C1 with C2 = 0. On the right, limit on C2 with C1 = 0. The horizontal dashed black line represents the experimental
central value. The yellow (green) band represents 2(1)σ uncertainties. The red lines are the expected limits at 1 and 2σ level.
The black line is the asymmetry Ch computed in the presence of the new operators as a function of the coefficients Ci.
Here we consider the angular distribution in the helicity basis, in which the quantization axes are taken to be the t
and t¯ directions of flight in the tt¯ zero-momentum frame. Therefore θ1(θ2) represents the angle between the direction
of flight of l+(l−) in the t(t¯) rest frame and the t(t¯) direction of flight in the tt¯ zero-momentum frame. In this case
the spin correlation coefficient Ch is given by
Ch =
N(↑↑) +N(↓↓)−N(↓↑)−N(↑↓)
N(↑↑) +N(↓↓) +N(↓↑) +N(↑↓) (25)
where N(↑↑) +N(↓↓) represents the number of events where the top and antitop quark spin projections are parallel,
and N(↓↑) +N(↑↓) is the number of events where they are anti-parallel with respect to the chosen quantization axes.
For the experimental analysis it is more convenient to use the one-dimensional distributions of the product of the
cosines Oh ≡ cos θ1 ·cos θ2 and define an asymmetry Ah which, in the absence of acceptance cuts, is determined by [38]
Ah =
N(Oh > 0)−N(Oh < 0)
N(Oh > 0) +N(Oh < 0)
= −Ch
4
. (26)
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The most precise experimental measurement of Ch at LHC is obtained by ATLAS studying at
√
s = 7 TeV the
angular separation ∆φ between the charged leptons in dileptonic tt¯ events [39]
Cmeash = 0.37± 0.06(stat+ syst) . (27)
This value has to be compared with the next-to-leading order SM prediction
CNLOh = 0.31, (28)
calculated in [38] including QCD and electroweak corrections to tt¯ production and decay.
The spin correlation coefficient Ch as a function of the effective operators coefficients is obtained by means of MG5,
generating 105 events for the process pp → tt¯ → b`+νb¯`−ν¯, for different values of C1 and C2, and computing the
asymmetry Ah defined in eq. (26).
MG5 gives a tree level prediction for the total cross section σ(pp→ tt¯→ b`+νb¯`−ν¯) that we denote by σMG5(C1, C2)
and therefore also the derived asymmetry is a LO result that we denote it by AMG5h (C1, C2). The tree level prediction
for the asymmetry is then corrected in order to take into account the SM NLO effects by computing
Ah(C1, C2) =
ANLOh · σNLO +AMG5h (C1, C2) · σMG5(C1, C2)−AMG5h (0, 0) · σMG5(0, 0)
σNLO + σMG5(C1, C2)− σMG5(0, 0) , (29)
where σNLO is obtained by multiplying the NNLO theoretical cross section for tt¯ production in [17] by the leptonic
decay branching ratio and ANLOh is computed using eq. (26) from eq. (28) .
Fig. 8 show the limits on the coefficients C1 and C2 coming from the spin correlations at the LHC at
√
s = 7 TeV.
The black line represents the correlation coefficient computed including the contributions of the operators Oˆ1 and Oˆ2
as described above. The yellow (green) bands represents the measured Ch with its error at 2(1)σ level. We can see
from Fig. 8 that differently to C1, the coefficient C2 is unbounded for positive values.
F. Combined limits
The bounds on the individual coefficients C1 and C2 can also be computed when both operators are simultaneously
present. In this case, there is an important modulation in the effect of the new operators. The combined limits coming
from the data at the LHC at the two CM energies considered and those at the Tevatron are shown in Fig. 9. In the
same plot, also the limits coming from the spin correlations are shown.
We can see that without the data on the spin correlations the allowed region is rather large. Other analysis [11–15]
found a smaller region because they either kept only the leading order contribution of the operators or did not combine
the limits on C2 with those on C1. When the full contribution of these operators is included for both of them, we
need the limits from data on the spin correlations in order to exclude the larger values and obtain relevant limits.
IV. DISCUSSION
TABLE I: Limits on the coefficients C1 and C2 when they are varied independently of each other and simultaneously (last
column). The starred numbers for LHC@14 are the expected limits.
Tevatron LHC@7 LHC@8 LHC@14 combined
−0.008 ≤ C1 ≤ 0.015 −0.193 ≤ C1 ≤ 0.042 −0.165 ≤ C1 ≤ 0.025 −0.135? ≤ C1 ≤ 0.034? −0.019 ≤ C1 ≤ 0.026
−0.023 ≤ C2 ≤ 0.042 −0.066 ≤ C2 ≤ 0.038 −0.074 ≤ C2 ≤ 0.020 −0.023? ≤ C2 ≤ 0.020? −0.087 ≤ C2 ≤ 0.031
We have collected in Table I the limits for the two coefficients C1 and C2 when they are varied simultaneously and
independently of each other for each of the data sets. Pending results from the LHC at
√
s = 14 TeV, the Tevatron
gives the most stringent bound on the operator Oˆ1. The LHC at
√
s = 8 TeV and the Tevatron give the best bounds
on the operator Oˆ2. In combining the limits, all data sets are important and those from spin correlations are essential
in removing large values for the coefficients C1 and C2 which cannot be ruled out by the total cross section data
because of cancellations between the two contributions.
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FIG. 9: Combined limits on the coefficients C1 and C2 from data at the LHC (
√
s = 8 and 7 TeV) and Tevatron (
√
s = 1.96
TeV). Values in the regions, respectively, in hatched blue and hatched red from LHC, yellow from Tevatron and gray from spin
correlations at the LHC are excluded at 95% CL. The allowed region corresponds to the white area. On the right a zoomed
plot around the allowed values.
A. The size of the top quark
Deviations from the point-like behavior of a particle are usually expressed in terms of charge radius and anomalous
magnetic moment. These quantities have been defined in eq. (3) and eq. (4). In the case of the top quark the dominant
probe is charged under the SU(3) group of strong interactions. Since there is no definite boundary, the size is usually
discussed in terms of root mean squared (RMS) radius.
We should first identify the size that comes from radiative corrections. This part is a departure from the point-like
behavior due to the cloud of virtual states surrounding any particle in quantum field theory. For the top quark, the
leading radiative contribution to the squared mean radius can be computed in perturbation theory to one-loop order
in QCD and it is in general of order (αs/2pi)1/m
2
t . Accordingly, this contribution to the the RMS radius is about
10−5 fm. EW interactions give an additional (smaller) contribution which can be neglected.
We can obtain an estimate of the fraction of the radius and moment of the composite top quark which is not part
of the radiative corrections in terms of the effective operator coefficients. Using the formulas in eq. (7) to compute
the form factors of eq. (2), we have that, using eq. (9),
〈~r2〉 = 6
4
4mt C1 + 2 υ C2
m3t
and µ = 1 + 2
υ
mt
C2 , (30)
with 2υC2/mt equal to the anomalous component of the magnetic moment. The best constrains on the coeficients
C1 and C2 when taken independently
− 0.008 ≤ C1 ≤ 0.015 and − 0.023 ≤ C2 ≤ 0.020 (31)
correspond to a RMS radius √
〈~r2〉 < 4.6× 10−4 fm (95% CL) , (32)
and an anomalous magnetic moment
− 0.046 < µ− 1 < 0.040 (95% CL) . (33)
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A similar bound on the anomalous magnetic moment of the top quark has been reported in [12]. The bounds found
in [14] are weaker. At the time of writing this paper, an apparently stronger bound was found in [13] which however
agrees with our limit if taken at the 68% CL.
These limits become weaker if the constraints are taken simultaneously for the two operators:√
〈~r2〉 < 7.4× 10−4 fm and − 0.17 < µ− 1 < 0.062 (95% CL) (34)
To put the above limits in prospective, let us consider the proton and the electron as the best known examples of,
respectively, a composite and (presumably) point-like particle.
The radiative part of the proton RMS radius is about 10−2 fm. Its actual size, as measured in electron-proton
elastic scattering experiments, is much larger: it is about 0.9 fm [40]. The factor of 100 in the ratio of these two
numbers is not far from what we have found in the case of the top quark.
The electron, which is believed to be a point-like particle, has a limit on its RMS which does not originate in
radiative corrections that is not far from that in eq. (32) for the top quark: it is 10−5 fm [41]. In other words, the
top quark does not seem to deviate from a point-like object down to a scale close to that of the electron. Notice
that the bound in the electron case comes from an analysis of e+e− → e+e− while in our case that for the top quark
comes from q¯q → t¯t rather than the more direct t¯t→ t¯t which would be probed by the process with four top-quarks
in the final states. The limit on the part of the electron anomalous magnetic moment not accounted for by radiative
corrections is very strong—because of its interaction with a classical magnetic field—and equal to 10−12 [42].
B. Compositeness and physics beyond the SM
The most direct way to associate some compositeness scales Λ1 and Λ2 to the effect of the operators in eq. (6) is
through the identification
1
Λ21
=
gs|C1|
m2t
and
1
Λ22
=
gs|C2|
2m2t
. (35)
The identification of Λ2 in eq. (35) is based on the full EW symmetry group for which the operator Oˆ2 must be
considered of dimension 6. In this way, it is simple to translate the bounds on C1 and C2, obtained in the previous
section, into limits on these two scales of compositeness. We have that
Λ1 >

1.3 TeV (Tevatron)
0.4 TeV (LHC@7)
0.4 TeV (LHC@8)
Λ2 >

1.1 TeV (Tevatron)
0.9 TeV (LHC@7)
0.8 TeV (LHC@8)
(95% CL) , (36)
These results can be compared with bounds coming from EW precision measurements [43]: the scale of the four-
fermion operators (for light quarks) is bounded to values higher, depending on the sign and the procedure, than 6.6
or 9.5 TeV. More generally, by using various other operators an overall bound of Λ > 17 TeV is found.
While the above identification of the compositeness scale is straightforward—it plays the role of expansion parameter
for the operators—its link to specific models is more indirect.
In the following sections we discuss how to translate bounds on C1 and C2 into limits on the parameters of two
models of physics beyond the SM. In doing so, we must bear in mind that often numerical values, when used within
a given model, are more orders of magnitude than precise numbers because both naive power counting and the QCD
analogy may not be correct in a generic strongly interacting theory.
1. Contact interactions
Contact interactions are usually introduced to parametrize generic models of compositeness [44]. These have been
traditionally described by the interaction
2pi
Λ2CI
ψ¯Lγ
µψLψ¯LγµψL , (37)
where ψ = (u d)T and ΛCI is identified as the contact interaction scale. The factor of 2pi is conventional and suggested
by a strongly interacting sector, the coupling of which is assumed to be g2 ' 2pi. Under such an assumption, the
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effective four-fermion operator can be thought as generated by the exchange of a heavy resonance, which couples to
the fermion with strength g, and that has been integrated out. The effect of four-fermion operators with light quarks
in σ(pp→ jj +X) was first discussed in [44] and more recently in [45, 46].
Performing a field redefinition, using the equations of motion for the gluon field, it is possible to rewrite the operator
Oˆ1 as a combination of four-fermion interaction terms:
Oˆ1 =
g2sC1
m2t
t¯γµTAt
∑
q
q¯γµTAq , (38)
where the summation runs over all quark species. Assuming contact interactions which are flavor universal, we can
directly relate the contribution of the operator Oˆ1 to that in eq. (37). By taking into account color factors, flavor and
chirality multiplicity, we have the following identification:
ΛCI =
√
6pi
g2sC1
mt . (39)
The constraints on the coefficients C1 therefore applies to this scale and gives
ΛCI >

5.0 TeV (Tevatron)
1.4 TeV (LHC@7)
1.5 TeV (LHC@8)
(95% CL) , (40)
respectively.
For recent bounds on the characteristic scale of these operators from measurements of dijets at the LHC, see [47].
In these references, ΛCI in eq. (37) is found to be around 10 TeV in the case of light quarks. The limits (40) coming
from the top quark are less stringent but of the same order of magnitude.
2. Strongly interacting light Higgs models
Strongly interacting light Higgs model (SILH) are theories in which the Higgs multiplet is assumed to belong to a
new (strong) sector responsible for the EW symmetry breaking [9]. These models are broadly characterized by two
parameters, a coupling constant g∗ and a scale m∗, which denotes the mass of the heavy physical states.
The leading new physics effects are parametrized in terms of dimension-6 operators, involving the Higgs and the
other SM fields, consistent with SU(3)C × SU(2)L × U(1)Y symmetry. Among these operators, we are interested in
the following one
ctG q¯LH
cσµνTAtRG
A
µν + h.c. , (41)
where qT = (t b) and Hc = iσ2H∗ is the conjugated Higgs field. The size of the coefficients of these effective operators
is usually derived by naive dimensional analysis (NDA) [48] as described in [9, 19].
Naive estimation of the coefficient ctG in eq. (41) gives ctG ∼ gsyt/m2∗. After EW symmetry breaking, the operator
in eq. (41) reduces to the operator Oˆ2 of eq. (6) with the identification
|C2|/2m2t = yt/m2∗ . (42)
In this way we can translate the bounds on C2 into limits on the mass m∗. By using the results of the previous section
we find
m? >

1.2 TeV (Tevatron)
0.9 TeV (LHC@7)
0.9 TeV (LHC@8)
(95% CL) . (43)
A special phenomenological realization of SILH is represented by theories where the Higgs doublet is a composite
Goldstone boson of a spontaneously-broken symmetry of the strong dynamics [1, 2]. In these models the ratio
m∗/g∗ ≡ f is identified with the decay constant of the Goldstone boson associated with the symmetry breaking. An
important quantity of these composite models is the ratio ξ = υ2/f2, which characterizes the distance between the
EW and the strong dynamics scales.
14
How the scale m? should properly interpreted within the composite models depends on whether the assumption of
minimal coupling is taken as a guiding principle or not. For a recent discussion and criticism about this point see [49].
If we assume the strongly interacting theory to be minimally coupled, the coupling of the composite top quark
to the gluon field remains the same as for the SM fermions. Accordingly, the operator in eq. (41) can be generated
only at loop level—by means of the coupling to the heavier resonances—and the coefficient ctG receives a further
suppression by a factor of g2∗/16pi
2. In this case, while it is possible to obtain a bound on the scale f—because of the
identification |C2|/2m2t = yt/16pi2f2—and therefore on the parameter ξ, the constraints we have found are too weak
to bound the parameter space of these models.
On the other hand, if the interaction with the gluon field of the composite top quark is assumed to be non-minimal,
which is the most reasonable assumption for a composite object, then we can start out directly with the interaction
vertexes in eq. (1) and m∗ can be taken to coincide with the mass of the heavy composite fermion. The result holds
both in the case of complete and partial compositeness. A specific model of partial compositeness in which this
scenario is realized is discussed in the Appendix A.
In composite models, both the right-handed and left-handed top quark should have a sizable degree of compositeness.
The right-handed top quark tR could be completely composed, there are no experimental limits beside those discussed
here. The compositeness of the left-handed top quark tL is more constrained because of its pairing with the b quarks
in a SU(2) doublet and the experimental constraints from the decay Z → bb¯. However, it is possible to show [50] how
to protect bL from corrections in such a decay thus leaving open the possibility of its being a composite state as well.
In the case of the composite Higgs models, the composite fermion masses must be close to the scale f [10, 51] in
order for the Higgs boson mass to be equal to its experimental value. If we assume a non-minimal coupling scenario,
following the discussion above, it is possible to identify m? ' f in eq. (42). In this case the parameter ξ is accordingly
constrained to be
ξ <

0.04 (Tevatron)
0.07 (LHC@7)
0.08 (LHC@8)
(95% CL) . (44)
Notice that values of ξ below 0.1 requires a high degree of cancellation between different terms in order to keep the
Higgs boson mass at its experimental value and are therefore considered unnatural and make the usefulness of the
model doubtful.
In considering the above constraints, we must bear in mind that there are many caveats depending on the con-
nection in a specific model between the composite states and the top quark. Most notably, in models with partial
compositeness [3, 4] further suppression factors—making the above limits weaker—may come from the mixing angles
between heavy composite and light states, as shown in a specific model in the Appendix A. The same model also
shows that while the limits in eq. (44) can be slightly relaxed, they cannot be made substantially weaker.
An independent limit on the scale f can be obtained by means of the operator Oˆ1, which, using the equations of
motion, gives rise to the four-fermion operator of eq. (38). This operator, according to NDA and minimal coupling, has
a coefficient that is proportional to f−2 without any loop suppression. An example is given by the typical four-fermion
operator considered in SILH theories that involves only right handed top quarks:
c4t t¯Rγ
µtR t¯Rγ
µtR . (45)
A naive estimation of the coefficient c4t gives c4t ∼ g2s/f2. A comparison of this operator with the one in eq. (38),
after taking into account the color factors, gives the following identification:
|C1|/3m2t = 1/f2 . (46)
In this way, we could directly translate the constraints on the coefficient C1 into limits on the scale f and the parameter
ξ which are comparable to those in eq. (44). However, this is only possible if we treat all flavors on an equal footing,
an assumption that does not apply to most composite models where the coupling to the light quarks are explicitly
taken to be different and much suppressed with respect to that to the top quark.
Finally, the limits on m? in eq. (43) imply that the masses of these fermion are close or larger than 1 TeV. These
states are described as custodial fermions because they prevent the mass of the Higgs boson from being too large but
this is only true if their masses are less than 1 TeV [10, 51].
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Appendix A: Partial compositeness and non-minimal coupling
In this appendix we introduce an explicit model of partial compositeness to show how the operators in eq. (6)
cannot be rotated away at the tree level by a field redefinition if we assume non-minimal coupling. In the process, we
also obtain an estimate of the additional suppression generated by the mixing between composite and SM fermions.
Many realizations of composite Higgs models rely on the hypothesis of partial compositeness [4], in which each SM
state has a composite partner with equal quantum numbers under the SM symmetries. These fields are multiples of
the global symmetry of the composite sector which can be taken minimally to be SU(3)c×SU(2)L×SU(2)R×U(1)X .
We consider here a simplified case in which the composite partners of the top quark are vector-like fermions belonging
to the representations Ψ ∼ (2, 2)2/3 and T˜ ∼ (1, 1)2/3 of SU(2)L × SU(2)R × U(1)X . The multiplet Ψ
Ψ =
(
T X5/3
B X2/3
)
(A1)
contains a doublet Q = (T B)T with the same quantum numbers of the SM left-handed doublet qelL = (t
el
L b
el
L )
T , while
T˜ has the same quantum numbers of the SM right-handed top telR .
The composite fermion states have an explicit Dirac mass term and are assumed to mix linearly with the SM
elementary fields as in the following lagrangian:
Lmass + Lmix = −MQTr Ψ¯Ψ−MT˜ ¯˜T T˜ −∆QQ¯RqelL −∆T˜ ¯˜TLtelR + h.c.
= −T¯R(MQTL + ∆QtelL )− T˜L(MT˜ T˜R + ∆T˜ telR) + h.c. + . . . (A2)
The mass mixing arising from Lmix can be diagonalized by the following field transformations:{
telL = cosϕL tL + sinϕL T
′
L
TL = − sinϕL tL + cosϕL T ′L
and
{
telR = cosϕR tR + sinϕR TR
T˜R = − sinϕR tR + cosϕR TR
. (A3)
The top fields tL and tR are the massless (before EW symmetry breaking) partially-composite eigenstates, while T
′
L
and TR are the massive composite ones, their masses being MT ′ = MQ cosϕL + ∆Q sinϕL and MT = MT˜ cosϕR +
∆T˜ sinϕR. The mixing angles ϕL and ϕR are defined such that tanϕL = ∆Q/MQ and tanϕR = ∆T˜ /MT˜ .
QCD gauge fields are coupled to the fermions through the covariant derivative /D = γµ(∂µ− igsTAGaµ) in the kinetic
terms:
Lkin = q¯elL i /DqelL + t¯elRi /DtelR + T¯ i /DT + ¯˜Ti /DT˜ + . . . . (A4)
EW interactions are not relevant for our discussion and they are explicitly set to zero. Once the rotation of the fields
into the mass eigenstates is performed, using eq. (A3), the lagrangian reads:
Lkin + Lmass + Lmmix = t¯L /DtL + T¯ ′L /DT ′L + t¯R /DtR + T¯R /DTR + T¯R /DTR + ¯˜TL /DT˜L
− MT ′(T¯RT ′L + h.c.)−MT ( ¯˜TLTR + h.c.) + . . . (A5)
If the composite sector is assumed to be minimally coupled then the chromo-magnetic operator in eq. (41) can only
be generated at loop level (for an explicit example see Appendix A of [52]). The same holds for the other operator in
eq. (6).
On the other hand, if we allow the composite sector to be non-minimally coupled, then it is possible to introduce
the following chromo-magnetic interaction term among the composite fermions:
L′ = κ Q¯HcσµνGµν T˜ + h.c. , (A6)
where Hc is the conjugated composite Higgs field. This operator is suppressed by two inverse powers of the composite
fermion mass, namely the coefficient k can be taken to be κ ∼ gsyt/M2Q, where yt is the Yukawa coupling of the top
quark. After EW symmetry breaking, by performing the rotation eq. (A3), we obtain
L′ = sinϕL sinϕR gsyt
M2Q
υ t¯Lσ
µνGµνtR + h.c.+ . . . (A7)
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where the dots stand for other terms which involve the heavy composite fields. A similar argument could be made
for the other operator in eq. (6).
Comparing eq. (A7) with eq. (42), we have the following identification:
m2∗ = M
2
Q/ sinϕL sinϕR . (A8)
Eq. (A8) shows that limits on MQ turn out to be weaker than those on m∗ because of the presence of the suppression
factor given by the sine of the mixing angles. However, these mixing angles cannot be too small because they enter
into the definition of the top Yukawa coupling, which is generated from the following interaction:
LY uk = Y ∗Q¯HcT˜ + h.c. . (A9)
Using eq. (A3), one finds that the top Yukawa coupling is given by
yt = sinϕLY
∗ sinϕR . (A10)
Perturbative control on the strength of the composite interaction requires that Y ∗ . 3. Then, in order to have yt ∼ 1,
one needs sizeable mixing angles ϕL and ϕR.
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